The onset of self-organized motion is studied in a poroelastic two-phase model with free boundaries for Physarum microplasmodia (MP). In the model, an active gel phase is assumed to be interpenetrated by a passive fluid phase on small length scales. A feedback loop between calcium kinetics, mechanical deformations, and induced fluid flow gives rise to pattern formation and the establishment of an axis of polarity. Altogether, we find that the calcium kinetics that breaks the conservation of the total calcium concentration in the model and a nonlinear friction between MP and substrate are both necessary ingredients to obtain an oscillatory movement with net motion of the MP. By numerical simulations in one spatial dimension, we find two different types of oscillations with net motion as well as modes with time-periodic or irregular switching of the axis of polarity. The more frequent type of net motion is characterized by mechano-chemical waves traveling from the front towards the rear. The second type is characterized by mechano-chemical waves that appear alternating from the front and the back. While both types exhibit oscillatory forward and backward movement with net motion in each cycle, the trajectory and gel flow pattern of the second type are also similar to recent experimental measurements of peristaltic MP motion. We found moving MPs in extended regions of experimentally accessible parameters, such as length, period and substrate friction strength. Simulations of the model show that the net speed increases with the length, provided that MPs are longer than a critical length of ≈ 120 µm. Both predictions are in line with recent experimental observations.
forward motion has a larger magnitude than the backward motion. There are 26 experimental observations of two distinct motility types: peristaltic and 27 amphistaltic [13, 24] . In the more common peristaltic case forward traveling contraction 28 waves result in forward motion of the whole cell body. In the amphistaltic type, 29 standing waves cause front and rear to contract in anti-phase. 30 Different modes of motion driven by periodic deformation waves are not restricted to 31 Physarum MP, but are also found in rather general mathematical models [25] and in the 32 locomotion of a wide variety of limbless and legged animals [26] . More recently, different 33 modes have also been found in the Belousov-Zhabotinsky reaction in a light-driven 34 photosensitive gel [27] [28] [29] [30] ; Epstein and coworkers have classified the modes using the 35 terms retrograde and direct wave locomotion [28] and also report on a form of oscillatory 36 migration without net displacement of the average position [29] . 37 Common models for cell locomotion and the cytoskeleton's dynamics are based on 38 active fluid and gel models [31] [32] [33] [34] . While simple fluids and solids are governed by a This approach is useful if the two constituent phases have largely different rheological 42 properties and penetrate each other on the relatively small length scales on which 43 cytosol permeates the cytoskeleton [35] . 44 To describe the MP's motion, we utilize an active poroelastic two-phase 45 description [35, 36] . Active poroelastic models have been used to describe the pattern 46 formation in resting [37] and moving [38] poroelastic droplets. In simple generic models, 47 a feedback loop between a chemical regulator, mechanical contractions and induced 48 flows give rise to pattern formation in a resting droplet [37] . In [38] , we have studied 49 this model with free boundary conditions and linear friction between droplet and 50 substrate. While we were able to observe back and forth motion of the boundaries, the 51 center of mass (COM) position remained fixed. The droplet did not exhibit net motion. 52 Moreover, we derived an argument that COM motion is impossible with a spatially 53 homogeneous substrate friction. Furthermore, numerical simulations have shown that 54 an additional mechanism establishing an axis of polarity that is stable on long 55 timescales is necessary for net motion [38] . 56 In this work, we proceed in two steps. First we extend the model described in [38] 57 with a nonlinear slip-stick friction between droplet and substrate to create a spatially 58 heterogeneous substrate friction. Second, we consider a specific model derived for 59 Physarum MP that contains a reaction kinetics. Within this enhanced model, we 60 explore the conditions for the onset of motion of Physarum MP.
61
Previous work on models for resting Physarum MP by Radszuweit et al. has shown 62 that inclusion of a nonlinear reaction kinetics for the calcium regulator can result in the 63 
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2/20 emergence of uni-directional traveling mechano-chemical waves that establish an axis of 64 polarity inside the MP [39, 40] . Nonlinear friction is a common assumption in 65 biology [41, 42] and can also be found in other eucaryotic cells [43, 44] . Here, we utilize a 66 simplified version of the nonlinear slip-stick friction model introduced by Barnhart et al. 67 to account for oscillatory modulations of keratocyte movement [44] . the cytoskeleton that we model as a viscoelastic solid with a displacement field u and 84 velocity fieldu [50] . The gel is penetrated by a passive cytosolic fluid phase with flow 85 velocity field v. For related models see [51, 52] .
86
The total stress in the medium is given by σ = ρ g σ g + ρ f σ f , where ρ g (ρ f ) denotes 87 the volume fraction and σ g (σ f ) the stress tensor in gel and fluid phase, respectively.
88
While the time evolution for the gel fraction is given byρ g = ρ g (1 − ∂ x u), only the 89 constant term ρ g enters into the equations due to our small strain approximation with 90 |∂ x u| 1. Assuming that no other phases are present, the volume fractions obey 91 ρ g + ρ f = 1 [53] .
92
Each phase satisfies a momentum balance equation
where p denotes the hydrodynamic pressure. The friction between both phases is given 94 by Darcy's law with according to f sub = −γ(|u|)u and no friction between fluid and substrate.
97
We model MPs in an one-dimensional time-dependent domain B with boundaries 98 denoted by ∂B. Assuming that B is infinitely large in the y-direction, the boundary is 99 straight, and we omit terms that depend on interface tension or bending. Free boundary 100 conditions in x-direction enable boundary deformations and thus motion in response to 101 bulk deformations [54] [55] [56] . The total stress has to be continuous across the boundary
102
and with the assumption that the MP is embedded in an inviscid fluid, the first 103 boundary condition is given by
The model is composed of two phases with individual momentum balances. Hence, we 105 need a second boundary condition to close the model equations. Neglecting permeation 106 of gel or fluid through the boundary, the second boundary condition is
Free boundary conditions require solving the momentum balances at the boundary,
108
whose position must be determined in the course of solving the evolution equations. To 109
May 6, 2019 3/20 circumvent this problem, we formulate the model in a co-moving body reference frame. 110 The details of the transformation from the laboratory to the body reference frame can 111 be found in [37] [38] [39] . S1 Fig displays a where E denotes Young's modulus and η g the dynamic viscosity. For a discussion on the 117 effects of different linear and nonlinear viscoelastic models see [36, 58] . The active stress 118 is assumed to be governed by a chemical regulator c, which is usually identified as 119 calcium [13, 59, 60] , according to
In this formulation, the homogeneous part of the active stress T 0 is inhibited by calcium 121 concentration c with a coupling strength ξ > 0. local gel speed |u| [44] . Therefore, if |u| is larger than the critical slip speed v slip these 129 bonds will break and the friction coefficient will decrease locally, yielding
with 0 < α < 1. With α = 0 the friction coefficient is always homogeneous, higher 131 values allow for heterogeneous friction coefficient values. In the following, we call α the 132 slip-ratio and γ 0 the base friction coefficient.
133
The 
140
Both species are dissolved in the fluid and advected with its flow. Furthermore, they 141 diffuse with coefficient D c and D a , respectively. We assume that both species cannot 142 cross the boundary, resulting in no-flux boundary conditions.
143
Linearizing with respect to the gel strains ∂ x u yields advection-diffusion-reaction 144 equations with the relative velocity of the fluid to the gel v −u as the advection velocity. 145 In the body reference frame the equations for c and a read
Here, ψ = 0.105/s represents the temporal scale of the calcium kinetics which can be 147 used to fit the experimentally observed time scale of the mechano-chemical waves.
148
The homogeneous steady state (HSS) of the model is given by c = A and a = B/A. 149 The HSS destabilizes through a Hopf-Bifurcation if B > B cr = 1 + A 2 [40] . Here, we fix 150 A = 0.8 and then vary B above its critical value B cr . With the inclusion of a calcium 151 kinetics, the total amount of calcium is not conserved anymore. In addition, the calcium 152 kinetics can introduce an axis of polarity [39, 40] . The case with calcium conservation 153 was examined in earlier studies for resting [37] and moving poroelastic droplets [38] . In summary, the model equations are given by
Following [39] , we introduce the Péclet number Pe = ξ/(D c β) as a measure for the ratio 163 of diffusive to advective time scales to characterize the strength of the active tension [37] . 164 We also define the dimension-less ratio of the Péclet number to the critical Péclet 165 number for the onset of the mechano-chemical instability without a calcium kinetics [40] 166
, the HSS is stable (unstable).
167

Results
168
We solve Eq. (6) numerically in a one-dimensional domain of length L with parameters 169 adopted from [40] which are listed in S1 condition is the weakly perturbed homogeneous steady state (HSS) with
The length L remains constant due to the incompressibility of the medium. We use the 172 center of mass (COM) position
u(x)dx as a measurement of the position.
173
Note that we will compare the COM's motion to our results from [38] where we utilized 174 the location of the left boundary as the position and the COM always remained fixed. 175 In addition, we utilize the temporal distance between subsequent peaks in the calcium 176 concentration c as a measure for the period P of the internal dynamics. 
203
Comparable to our results in [38] , the position over time remains fixed or undergoes 204 periodic (irregular) motion of the COM and the boundaries together with a periodic 205 (irregular) calcium dynamics, as shown in Fig. 2 . However, we found no cases of net 206 motion. As discussed in [38] , the lack of net motion gives rise to the question of why the 207 time-averaged position vanishes for all of these cases. While the calcium distributions indicates that the front-back symmetry is not broken on timescales of t P , and that 211 an additional mechanism to establish an axis of polarity is needed. 
Note that the exact nature of Physarum's friction dynamics can not be inferred from 213 the available experimental data. A nonlinear dependency of γ on other quantities such 214 as the calcium concentration c, the local contraction amplitude ∂ x u (which is 215 proportional to the height h [39] ), and more complex slip-stick models led to 216 qualitatively equivalent results for the onset of COM motion.
217
Nonlinear calcium kinetics creates an axis of polarity. One self-organized way 218 that leads to the emergence of uni-directional traveling mechano-chemical waves which 219 establishes an axis of polarity that is stable on timescales of t P is to introduce a 220 nonlinear calcium kinetics as studied in [39, 40] . Introducing this calcium kinetics allows 221 for a temporal variation of the total amount of calcium. The amplitude of calcium 222 waves can vary while traveling waves can annihilate on collision with a boundary. This 223 is in contrast to the behavior with a pure advection-diffusion dynamics where calcium is 224 conserved and waves always get reflected at the boundaries.
225
The linear stability of the HSS (Eq. 7) against small perturbations is analyzed in 226 detail in [39, 40] . In [40] otherwise.
259
The continuous emergence of calcium waves at the front and their annihilation at In addition to the two types of oscillations with net motion described above, we find 284 several modes with time-periodic or irregular switching polarity (S4 Fig). 
285
Model reproduces experimentally observed types of movement. Comparing 286 our simulations with Physarum experiments reveals several qualitative and quantitative 287 similarities. In experiments, MPs explore their surrounding with an oscillatory forward 288 and backward motion [21, 24] . Their forward motion is of larger magnitude than their 289 backward motion, resulting in net motion in each cycle. An experimental MP trajectory 290 is shown in [24] (Fig 6b) .
291
Although experimental measurements of the free calcium dynamics are noisy, 292 forward traveling calcium waves can be discerned that annihilate on collision with the 293 front [13] . Moreover, the velocities of two different quantities can be measured: endo-294 and ectoplasm [13] . The ectoplasm is gel-like and connected to the MP's membrane 295 while the endoplasm is fluid-like. Strength and direction of the ectoplasm's velocity 296 correlate with measured traction forces exerted on the substrate. In the model, the gel 297 is viscoelastic and exhibits friction with the substrate. Hence, the velocities of gel and 298 ectoplasm should be compared. For the more common peristaltic type of MP motion, 299 the ectoplasm's velocity alternates periodically between forward and backward direction 300 at a fixed position. While the velocity's direction at front and back are equal, the center 301 part is moving into the opposite direction with a weaker amplitude than at the 302 boundaries. Forward ectoplasm motion has a larger amplitude than backward motion, 303 resulting in a net speed of v exp ≈ 0.05-0.25 µm/s with an internal period of 304 P exp ≈ 80 s-130 s [13, 23] . A space-time plot of the ectoplasm velocity is shown in [13] 305 May 6, 2019 10/20 (Fig. 7a) .
306
Both types of simulated movement exhibit oscillatory COM motion with net motion 307 in each cycle. For type 1 motion (Fig. 3) the period of ≈ 95 s and net speed of 0.2 µm/s 308 are comparable to the experiment. However, the COM is only moving while a calcium 309 wave is propagating and is at rest otherwise which has not been observed in the 310 experiment. Type 2 motion (Fig. 4) features continuous forward and backward motion 311 with a net speed of 0.21 µm/s and a period of 14 s. Aside from the substantially shorter 312 temporal period, this type does more closely resemble the experimental observations.
313
The calcium dynamics of both types feature traveling waves. Type 1 motion exhibit 314 only backward traveling waves that annihilate at the rear. However, for type 2 motion 315 waves get partly reflected and there are forward and backward traveling calcium waves. 316 In the experiment, only forward traveling waves that annihilate at the front can be 317 observed [13] .
318
In addition, we can compare the experimental ectoplasm velocity with the simulated 319 gel velocity. For type 1 motion, each calcium wave causes huge gel deformations that 320 are accompanied by COM motion. When the calcium wave has abated, the stress in the 321 medium relaxes and after ≈ 25 s all deformations have decayed. There is no further However, there are several similarities between the velocity patterns in peristaltic 325 MP and type 2 motion. In experiment as well as simulation the gel's velocity alternates 326 between forward and backward direction at a given position. Usually, the gel's velocity 327 possesses the same direction at front and back, whereas there is opposing motion at the 328 center. The forward velocity has a larger amplitude, which results in net motion 329 towards the front. However, there are also differences: In the experiment, the 330 ectoplasm's velocity at the rear is higher than at the front which is not the case in our 331 simulations under the chosen parameter values. As mentioned above, the period of 332 ≈ 14 s is shorter than experimentally measured periods.
333
Microplasmodia speed depends on length L, base friction coefficient γ 0 and 334 internal period P . In the parameter plane spanned by base friction strength γ 0 and 335 length L the type of motion as well as net and mean speed changes as displayed in Mean speed in µm/s In the intermediate range the length L strongly affects the emerging dynamics. For 342 γ 0 = 10 −5 kg/s global calcium oscillations occur when L ≤ 100 µm. Increasing L above 343 110 µm gives rise to type 1 motion with a low net speed of 0.03 µm/s (Fig. 5, top) .
344
With a further increase of L the net speed rises up to 0.16 µm/s for L = 170 µm. When 345 decreasing the base friction coefficient to γ 0 = 5 × 10 −6 kg/s, the net speed increases to 346 0.21 µm/s where it reaches a maximum. A further decrease yields lower net speeds. At 347 2 × 10 −6 kg/s a transitions to oscillations of the COM without net motion is observed. 348 Additionally, we find a critical length L cr ≈ 120 µm for the transition between global 349 calcium oscillations and states with motion of the boundaries (Fig. 5, bottom) . Our The existence of a critical length as well as the increasing net speed for longer MPs 355 are qualitatively in line with experimental observations. It was found that there is a 356 critical MP size for the onset of locomotion which is around 100 µm-200 µm [13, 61] .
357
Furthermore, previous experiments show that an increase in the longitudinal length 358 increases the net speed [61, 62] . Note that MPs start to branch when they grow above 359 300 µm-500 µm [13, 21, 63] and that the model cannot capture any effects caused by this. 360 By changing the temporal scale ψ of the calcium kinetics (Eq. 5) we can adjust the 361 period P of the internal dynamics for type 1 motion. In general, higher (lower) values of 362 ψ result in a shorter (longer) period P . The net speed decreases when increasing the period P (Fig. 6) . With a decreasing period the intervals between two calcium waves 364 become shorter. As each wave results in net motion, the net speed decreases with higher 365 periods until there is a transition to global calcium oscillations without any motion for 366 periods of more than P ≥ 145 s. In the experiment, the maximum period observed for 367 moving MP is 128 s, which is qualitatively in line with the maximum period of ≈ 145 s 368 for moving MP. Consistent with our results above, a larger slip-ratio α increases the net 369 speed.
370
To our knowledge, there is no published experimental data where the MP net speed 371 is compared to the period of its internal dynamics. Our modeling results may hence be 372 tested in future more detailed experimental studies of motion of MP. 
Discussion
374
In the present work, we have extended the two-phase model with free-boundaries for 375 poroelastic droplets from [38] known from previous studies [39, 40] that introducing a nonlinear calcium kinetics can 383 lead to a uni-directional propagation of mechano-chemical waves that establishes an axis 384 of polarity which is stable. This is in contrast to our previous work where the pure 385 advection-diffusion dynamics of a passive regulator does not lead to the establishment of 386 a polarity axis necessary for net motion [38] .
387
With this extended model, we explore the conditions for self-organized motion of oscillations without motion to spatio-temporal oscillations with and without net motion. 390 Our study was restricted to one spatial dimension which can be rationalized by the 391 experimental evidence that moving MPs have an elongated shape and motion is mostly 392 caused by deformation waves along the longitudinal axis [62] .
393
With the extended model, we could identify two different types of COM oscillations 394 with net motion in addition to modes with time-periodic or irregular switching polarity. 395 The more frequent type is characterized by mechano-chemical waves traveling from the 396 front towards the rear that are accompanied by COM motion (Fig. 3) . The second, less 397 frequent type is characterized by mechano-chemical waves that appear alternating from 398 front and back (Fig. 4) . While both types exhibit oscillatory forward and backward 399 motion with net motion in each cycle, in particular the trajectory and gel flow pattern 400 of the second type resemble experimental measurements of peristaltic MP motion [13] . 401 Interestingly, there are also experimental observations of two different types of 402 oscillations with net motion in addition to disorganized patterns [13] .
403
Further, we varied parameters that are accessible in experiments, such as the period 404 of the internal dynamics P , the length L, and the base substrate friction coefficient γ 0 . 405 In the parameter plane spanned by the base friction coefficient (γ 0 ) and the length 406 (L), the model predicts that MPs need to be longer than a critical length of ≈ 120 µm 407 to transition from global calcium oscillations to states with motion of the boundaries 408 (Fig. 5) . This result agrees with the linear stability analysis which indicated a transition 409 to an oscillatory short-wavelength for ≈ 125 µm-130 µm. Furthermore, experimental 410 studies found a minimal length of 100 µm-200 µm for MPs to start their motion [13, 61] . 411 In addition, the net speed in the simulations increases with length L which was also 412 observed in experiments [62] .
413
The net speed becomes maximal for intermediate values of γ 0 and larger slip-ratios 414 α result in a larger net speed (Fig. 6) could be used to improve the model.
419
The net speed in the simulations decreases monotonically with an increasing period 420 (Fig. 6 ). For parameters leading to a period P > 145 s, we only found global calcium 421 oscillations without any motion. This is qualitatively in line with experimental results, 422 where the maximum observed period is 128 s for moving MP [13] .
423
With the results from this work, we have been able to identify components that are 424 essential for different types of MP locomotion. It is known from [37] that a feedback 425 loop between a passive chemical regulator, active mechanical deformations, and induced 426 flow is sufficient for the formation of spatio-temporal contraction patterns. In [38] , we 427 extended the model by employing free boundary conditions and linear substrate friction 428 which yielded oscillatory and irregular motion of the MP's boundaries with a resting 429 COM. In the present work, we introduced nonlinear stick-slip substrate friction that 430 enables COM motion. Moreover, inclusion of a nonlinear oscillatory calcium kinetics 431 leads to a self-organized stable polarity which eventually allows for net motion. Fig. 7 432 summarizes the connection between these components and describes the corresponding 433 types of locomotion. Much larger forms of Physarum like mesoplasmodia and extended networks show a 435 clear separation of gel and fluid-like phases [8, 12, 63, 64] . Recently, a study by Weber et. 436 al [65] identified that differences in the activity between two phases can lead to a phase 437 separation. Future extensions of our model may include this aspect by treating the 
